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Abstract 
The necessity for weight reduction in motor vehicles in order to save fuel consumption pushes automotive suppliers to use 
materials of higher strength. Due to their excellent crash behavior high strength steels are increasingly applied in various 
structures. In this paper some predevelopment steps for a material change from a micro alloyed to dual phase and complex phase 
steels of a T-joint assembly are displayed. Initially the general weldability of the materials regarding pore formation, hardening in 
the heat affected zone and hot cracking susceptibility is discussed. After this basic investigation, the computer aided design 
optimization of a clamping device is shown, in which influences of the clamping jaw, the welding position and the clamping 
forces upon weld quality are presented. Finally experimental results of the welding process are displayed, which validate the 
numerical simulation. 
© 2014 The Authors. Published by Elsevier B.V. 
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1. Introduction  
The local use of high-strength steels in the automotive industry facilitates both an increase of pedestrian’s safety 
and a reduction of vehicle mass due to a decrease in wall thickness. As a technique for joining of mostly low-
strength steel components with a high-strength base structure made from multiple phase steels, laser beam welding is 
suitable due to low thermal influence of the steel materials and high processing speed (Sreenivasan 2008). However, 
laser beam welding of this material class is often accompanied by reduced weld seam quality (Mayer 2005). It is 
caused by limitations from both material and process technology aspects. The first aspect is related to the increased 
susceptibility of these materials to defect formation and the undesirable properties of welds especially at increased 
welding velocities. The second aspect is based on the difficulties of determination of stable welding process 
parameters and a complexity of clamping conditions for serial production. For the achievement of the required 
quality of welded parts the development of the serial process must take into account these important aspects. Though 
used widely in industry, the properties of dissimilar welds of multiphase high-strength steels and mild steels were 
hardly investigated so far.  
The current work presents predevelopment steps towards a robust serial welding process of automobile parts 
using multiple phase steels. First the weldability of three steel grades regarding pore formation, hardening in the heat 
affected zone and hot cracking susceptibility has been evaluated. After this a computer aided investigation of the 
influence of clamping conditions on the weld quality has been performed, which shows the influences of the 
clamping jaw, the welding position and the clamping forces on defect formation. Finally the numerically determined 
parameters of the welding process have been experimentally validated. 
2. Materials and welding geometries  
Three different high-strength steels have been investigated regarding hot cracking susceptibility and hardening. 
The first steel is a micro alloyed high-strength low alloyed steel with a yield strength of 800 MPa (HSLA800), the 
second steel is a dual phase steel with a yield strength of 800 MPa (DP800) and the third one is a complex phase 
steel with a yield strength of 1000 MPa (CP1000). The composition of the three steels is displayed in table 1. All 
materials show very low carbon content to improve weldability. However, in order to reach the high strength level 
especially DP and CP steels have increased contents of silicon and manganese. The elements sulfur and phosphor 
which significantly increase hot cracking susceptibility are present only in low concentrations.  
Table 1. Alloy composition of tested high strength steels . 
Element C Si Mn P S Cr Mo Ni Al Cu Nb Ti V Pb 
HSLA800 0.057 0.240 0.800 0.015 0.006 0.050 0.015 0.036 0.036 0.019 0.034 0.100 0.050 0.010 
DP800 0.071 0.080 2.430 0.010 0.001 0.914 0.026 0.023 0.033 0.016 0.045 0.026 - - 
CP1000 0.141 0.258 1.740 0.014 0.003 0.474 0.002 0.035 0.031 0.019 0.018 0.003 0.011 0.003 
 
The hardening of steels in the heat affected zone (HAZ) can be calculated using so called carbon equivalents. 
Here different alloying elements which contribute to tensile strength of solid solutions like manganese, silicon or 
nickel are added using different weighting factors. There mainly are three different equivalents used in industry to 
estimate the weldability regarding hardening, like the CET, the CE and the PCM (see equations 1-3).   
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The equivalents separate steel into three categories such as good, limited and bad weldability. For the equivalents 
CET and PCM a value below 0.2 marks the good weldability, while the steel is estimated as badly weldable when 
the value is above 0.4. For CE the value borders are below 0.4 and over 0.6.  
One of the major potential defects in welding high-strength steels is the formation of solidification cracks. This 
phenomenon is a complex thermo-mechanical-metallurgical process. Its nature has been discussed in details by 
Ploshikhin et al. (2005). The mechanism of solidification cracking on the macro- and microscopic scale is illustrated 
in Fig. 1. The crack critical region is the intergranular film of the residual liquid in the mushy zone between liquidus 
TL and solidus TS temperatures behind the weld pool. This liquid film accumulates the tensile displacement 
transmitted from solid regions by the dendrites of the primary solidified phase. The initiation of the solidification 
crack (tearing of the intergranular liquid film) occurs when the accumulated displacement Ɂୟୡୡ୫ୟ୶ exceeds a critical 
value, Ɂୡ୰. 
 
 
Fig. 1. The nature of the solidification cracking mechanism: schematic representation on the macro- and microscopic scale. 
The weldability of high-strength steels regarding hot cracking has been tested using so called fan-shaped samples, 
Shibahara et al. (2000). This special geometry of the sample (Fig. 2) allows to generate and to stop the solidification 
crack during the welding process, Ploshikhin et al. (2006). The weld seam starts at the narrow edge of the sample 
and ends at the wider one. The initiation of the solidification crack occurs just after the start of the welding process 
at the narrow front edge of the sample due to the displacement of the surrounding base material outward from the 
weld centerline.  
 
Fig. 2. Geometry of the fan-shaped sample. 
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This displacement is the mechanical response of the fan geometry on the irregular temperature distribution, which 
is generated in the sample by the welding heat source. After initiation, the solidification crack propagates further 
following the motion of the weld pool. At the beginning of the welding process the relatively high value of the 
external displacement encouraged the crack propagation. As the weld pool approaches to the wider edge of the 
sample, the value of the external displacement decreases due to the increase of the local stiffness of the sample. This 
poses difficulties for further crack propagation. Using constant sample geometry and welding parameters, the 
different material shows different lengths of the solidification crack. It is apparent that the crack length indicates the 
cracking susceptibility and so one aspect of weldability of the material.  
Besides the material testing also an improved clamping device and ideal weld pool geometry for a T-joint have 
been investigated. Here a fin is welded to a base plate via two weld seams as shown in Fig. 3(a). The fin is made of 
mild steel with a thickness of 3 mm while the base plate is a high strength steel with a thickness of 2 mm. The ideal 
shape of weld seam cross section is displayed in Fig. 3b. Since both high movement of the parts during welding and 
solidification conditions contribute to hot cracking, parameters which lead to low distortion and uncritical 
solidification conditions are developed via numerical simulation and verified by welding trails. For the fan shape test 
and the welding experiments of the T-joint a disk laser with a wavelength of 1,030 nm, a maximum beam power of 
4 kW and a beam parameter of 8 mm*mrad is used. The laser beam is focused to a beam diameter of 0.6 mm and the 
focusing optic is guided by an industrial robot. 
 
 
a) b) 
Fig. 3. (a) Investigated T-Joint; (b) cross-section with a representation of target weld seam geometry. 
3. Material testing  
For the investigation of hot cracking susceptibility and pore formation the different welding velocities with a 
constant energy input per unit length of 91 kJ/m have been used for welding. The result is displayed in Fig. 4. The 
shortest cracking lengths have been obtained for all three materials at low welding velocity and low laser power. At 
a welding velocity of 22 mm/s HSLA800 and DP800 both show crack lengths of about 10 mm while CP1000 has an 
average cracking length of 20 mm.  
When increasing welding speed and laser power the crack lengths of all three high strength steels also increase. 
At the maximum investigated velocity HSLA800 shows 23 mm average crack length, DP800 steels has an average 
crack length of 33 mm and CP1000 has a crack length of 45 mm. It was observed that with increasing welding 
velocity and laser power the standard deviation of the crack length decreases. Analysis of cross section show no 
pore formation.  
The induced hot cracks have been analyzed by SEM in which the sample has been prepared by a focused ion 
beam (FIB) to expose the solidified structure at the crack end. In Fig. 5 the inner structure of the crack is displayed. 
As can be seen a cavity inside the material below the joining cracks occurs. This leads to the conclusion that the 
crack continues below the surface. As a consequence special attention has to be drawn to design of the melt pool, 
solidification conditions and solidification direction. 
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Fig. 4. Influence of welding velocity upon crack length in the fan shaped samples from high strength steels at welding with constant energy 
input per unit length; N=3. 
For the investigation of hot cracking susceptibility and pore formation the different welding velocities with a 
constant energy input per unit length of 91 kJ/m have been used for welding. The result is displayed in Fig. 4. The 
shortest cracking lengths have been obtained for all three materials at low welding velocity and low laser power. At 
a welding velocity of 22 mm/s HSLA800 and DP800 both show crack lengths of about 10 mm while CP1000 has an 
average cracking length of 20 mm.  
When increasing welding speed and laser power the crack lengths of all three high strength steels also increase. 
At the maximum investigated velocity HSLA800 shows 23 mm average crack length, DP800 steels has an average 
crack length of 33 mm and CP1000 has a crack length of 45 mm. It was observed that with increasing welding 
velocity and laser power the standard deviation of the crack length decreases. Analysis of cross section show no 
pore formation.  
The induced hot cracks have been analyzed by SEM in which the sample has been prepared by a focused ion 
beam (FIB) to expose the solidified structure at the crack end. In Fig. 5 the inner structure of the crack is displayed. 
As can be seen a cavity inside the material below the joining cracks occurs. This leads to the conclusion that the 
crack can continue below the surface. As a consequence special attention has to be drawn to design of the melt pool, 
solidification conditions and solidification direction.  
 
 
a) b) 
Fig. 5. REM image of the hot crack in the fan shaped sample from HSLA steel welded at 3 kW and 22 mm/s: (a) top view; (b) detailed view 
of the end of the crack after removal of material by FIB. 
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For estimating the hardening potential of the three high-strength steels the carbon equivalent has been calculated 
by using the described equations (1)-(3). The results are displayed in Fig. 6. The best theoretical weldability of the 
investigated steels shows HSLA800 with a CET- and CE-value <0.2 and a PCM-value <0.4. However, for DP800 
all equivalents estimate limited weldability, while for CP1000 CET and PCM show limited and CE shows bad 
weldability. The exact carbon equivalent values are displayed in table 2 and a comparison is given in Fig. 6.  
Table 2. Carbon equivalents for investigated high-strength steels  
 CET CE PCM weldability 
HSLA800 0.14 0.22 0.11 good 
DP800 0.34 0.53 0.26 limited 
CP1000 0.36 0.67 0.24 limited/bad 
 
 
 
 
 
 
To identify hardening and weakening zones of the weld micro hardness measurements have been carried out. The 
welding has been performed in butt joint configuration. In Fig. 7 (a) the results of similar joints of high-strength 
steels and in Fig. 7 (b) dissimilar weldings of high-strength steels with mild steel are displayed. As estimated from 
the results of the carbon equivalents CET and PCM, DP800 and CP1000 steel show a hardening in the weld zone 
and in the HAZ at the same level. The CE overestimates the hardening of the CP1000 steel. Both DP800 and 
CP1000 show a metallurgical notch in the HAZ. Due to the higher hardness of the base material of CP1000 the 
notch is more distinct. In contrast to this, HSLA800 shows a weakening in the weld seam and the HAZ. As a 
comparison also hardness of the mild steel is given which has a significant hardening of in the weld zone but at a 
lower level compared to DP800 and CP1000 steel.  
The dissimilar joints show similar hardness in the HAZ, while in the weld seam an intermixture of mild steel and 
the particular high strength steel appears (see Fig.7). Here DP800 and CP1000 steels have a higher weld hardness 
compared to HSLA800 which shows smooth transition of hardness from the HSLA800 to mild steel in the weld 
seam.  
 
a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
Fig. 7. Hardness measurement of butt welds welded at 3 kW and 33 mm/s; (a) Hardness in the weld zone of high-strength steel; (b) Hardness in 
the weld zone of dissimilar joint of high-strength steels and mild steel. 
Fig. 6. Comparison of different carbon equivalents for tested 
high strength steels. 
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4. Computer aided development of the welding process  
The welding processes are characterized by the simultaneous impact of multiple physical effects which influence 
the quality of the resulting parts. Understanding these phenomena is the basis for development of a robust welding 
process using new steels with respect to high quality of the parts. The numerical modelling enables detailed analysis 
of the resulting thermo-mechanical behavior of the components during welding. One of the most important aspects 
is the detailed knowledge of material properties, which are required as input data for the numerical simulation. 
These can be deducted via laborious and expensive experiments or by numerical calculation. In the following the 
numerical approach for determining of material properties is displayed.  
4.1. Material properties 
The material properties during laser beam welding are strongly dependent on both the current temperature and 
the temperature history because of phase transformations in the material due to rapid heating and cooling. The 
required properties for each investigated steel have been precalculated using JMatPro, Sente Software Ltd. (2013) 
and implemented into a FE model of the welding process using the correspondent models of materials. The most 
important material properties which have been taken into account for the numerical thermo-mechanical analysis are 
thermal conductivity Ȝ, specific heat capacity cp, thermal expansion coefficient Į, Young’s modulus E and yield 
strength Rp0.2. Fig. 8 shows examples of calculated properties of HSLA steel for the base material and the heat 
affected zone (HAZ) of the weld seam.  
 
a) b) 
Fig. 8. Calculated properties of base material (red) and HAZ (blue) during the laser beam welding of HSLA steel: (a) thermal conductivity; 
(b) mechanical properties. 
4.2. Determination of process parameters stabilizing the macro situation  
For the transient thermo-mechanical analysis a numerical FE model of the welding process has been developed. 
The geometry of the model conforms to the investigated T-joint (Fig. 3). Important elements of the clamping device 
developed for the welding tests have been taken into account. Thermal boundary conditions, heat sinks due to 
convection, radiation from the surfaces of the T-joint and heat exchange through the contact between the model 
bodies have been applied. The heat input has been implemented using a calibrated equivalent heat source that 
produces the same geometry of the weld seam cross-section as it has been obtained in the welding tests. The 
mechanical boundary conditions have been described using the contact between the elements of the clamping device 
and the T-joint. The stiffness of the clamping elements and clamping forces have been varied in order to simulate 
the different clamping conditions. 
The results of the numerical analysis show that an insufficient clamping force destabilizes the macro mechanical 
situation during the welding process. It changes the geometry of the joint in the vicinity of the laser spot (e.g. gap 
formation, movement of the parts), and correspondingly the process conditions during the welding process (e.g. 
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beam angle, focus position, beam offset, etc.). Such effects cause the occurrence of the critical geometry of weld 
seams regarding hot cracking and undercuts. To avoid the instability of welding process the clamping forces have to 
be increased until the welding deformations reach the minimal values, see Fig. 9. 
 
a) b) 
Fig. 9. 3D nonlinear transient thermo-mechanical simulation of the welding process: (a) insufficient clamping forces; (b) sufficient 
clamping forces (magnification of displacement 20x). 
 
At the next stage the welding process has been investigated regarding welding defects. The numerical analysis 
has shown that the process has a high sensitivity to the initial welding position, see Fig. 10. So, if the welding 
process started in 1 mm distance to the fin edge, the region of the parts in vicinity of the initial weld position obtains 
more heat. As result the mushy zone in the region is expanded along the weld direction and accumulates critical 
tensile displacement. This leads to increased risk of solidification cracking. In contrast to the not optimal starting 
point, the optimal one directly at the fin causes both a shortening of the mushy zone and a reduction of the 
accumulated displacements (Fig. 10).  
 
Fig. 10. Numerically predicted dependences of the maximal accumulated displacement upon the weld seam length in cases of non optimal and 
optimal starting point of the welding process directly at the fin. 
4.3. Determination of process parameters stabilizing the micro situation  
The stabilization of the macro situation alone cannot guarantee the defect free welding of modern DP and CP 
steels in any case. The reason is that critical local micro conditions such as weld pool geometry and accordingly 
solidification also can cause the occurrence of cracks. Moreover, the macro factors such as clamping conditions also 
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have a strong effect on the local shrinkage processes during the weld pool solidification. The common influence of 
macro and micro factors on the solidification cracking has been analyzed on the basis of the numerical simulation 
concerning the weld pool geometry and the clamping conditions. 
The investigation have been performed for two theoretically possible weld pool geometries, which generate 
similar weld seam cross-sections after cooling down, see Fig. 11. In the first case, see Fig. 11 (a), the solidification 
takes place from the root to the top surface of weld. The second geometry, see Fig. 11 (b), corresponds to the 
solidifications from both surfaces to the center. Simultaneously the influence of two clamping conditions has been 
investigated. The first one describes a situation when the parts are pressed against each other. The clamping 
conditions provide a moving of the parts during welding (weak clamping). The second one corresponds to a locking 
process which follows after the pressing and avoids the moving of the parts (rigid clamping).  
 
a) 
 
b) 
 
 
 
 
 
 
 
Fig. 11. Numerically predicted dependences of the maximal accumulated displacement of weld penetration depth for different weld pool 
geometries and clamping conditions during the welding process. 
 
The numerical analysis of the common influence of weld pool geometry and clamping conditions shows, see Fig. 
11, that the welding process at the weak clamping and any weld pool geometry has a high cracking susceptibility. In 
this case, both surface and hidden cracks can occur. Though, the rigid clamping represents a reliable tool for the 
reduction of solidification cracking. Nevertheless, a complete avoidance of solidification cracking even at the ideal 
rigid clamping conditions is not feasible due to unfavorable weld pool geometries. The minimal risk of defect 
occurrence represents the combination of the rigid clamping and the best weld pool, see Fig. 11 (a).  
5. Experimental validation of developed process parameters 
With the conclusion from the numerical simulation a clamping situation has been adapted to enable locking of the 
clamping jaws during welding. Subsequent experimental investigations confirm the results of the numerical 
simulation regarding initial welding position and clamping force. Exemplary Fig. 12 displays two welds which have 
been welded with equal process parameters, but different degrees of clamping. The cross section has been taken 
496   Peter Weidinger et al. /  Physics Procedia  56 ( 2014 )  487 – 496 
2 mm after the initial weld starting point. In Fig. 12 (a) a weld seam is shown at which a clamping force of 500 N 
has been applied and the clamping has been not locked, while in Fig. 12 (b) a weld seam is displayed at which the 
clamping force had also 500 N but the clamping has been locked during the welding. In the cross section of the weld 
without locking a significant larger seam diameter at the top section of the seam can be detected. Especially in this 
area a larger melt pool is assumed which leads to a local delay of solidification and as a consequence to hot 
cracking.  
 
a) b) 
Fig. 12. Comparison of two welds seams of CP steel welded at 3.5 kW, 35 mm/s feed rate and angle of incidence 7° with different clamping 
forces. (a) no locking of clamping jaw; (b) locking of clamping jaw. 
6. Conclusions 
Using several testing procedures we can determine the weldability of high-strength steels like HSLA800, DP80 
and CP1000. The HSLA shows good weldability regarding hot cracking and hardening in the weld zone. DP and CP 
show limited weldability in terms of hot cracking and hardening. In both materials significant increased hardness 
occurs in HAZ in which also a metallurgical notch can be found. For determining material parameters, welding 
parameters and for adapting a clamping device for welding, numerical simulations can be applied. Due to numerical 
simulations an increased risk for hot cracking at the beginning of the weld seam could be identified when a non-
optimal starting point of the seam is applied. Moreover, different clamping situations have been simulated and 
necessary conclusions for an optimal clamping device have been derived. Using this clamping device the numerical 
results could be confirmed.  
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